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RNase H inhibitors (RNHIs) have gained attention as potential HIV-1 therapeutics. Although several RNHIs have been studied
in the context of HIV-1 reverse transcriptase (RT) RNase H, there is no information on inhibitors that might affect the RNase H
activity of other RTs. We performed biochemical, virological, crystallographic, and molecular modeling studies to compare the
RNase H function and inhibition profiles of the gammaretroviral xenotropic murine leukemia virus-related virus (XMRV) and
Moloney murine leukemia virus (MoMLV) RTs to those of HIV-1 RT. The RNase H activity of XMRV RT is significantly lower
than that of HIV-1 RT and comparable to that of MoMLV RT. XMRV and MoMLV, but not HIV-1 RT, had optimal RNase H ac-
tivities in the presence of Mn2� and not Mg2�. Using hydroxyl-radical footprinting assays, we demonstrated that the distance
between the polymerase and RNase H domains in the MoMLV and XMRV RTs is longer than that in the HIV-1 RT by �3.4 Å. We
identified one naphthyridinone and one hydroxyisoquinolinedione as potent inhibitors of HIV-1 and XMRV RT RNases H with
50% inhibitory concentrations ranging from �0.8 to 0.02 �M. Two acylhydrazones effective against HIV-1 RT RNase H were
less potent against the XMRV enzyme. We also solved the crystal structure of an XMRV RNase H fragment at high resolution
(1.5 Å) and determined the molecular details of the XMRV RNase H active site, thus providing a framework that would be useful
for the design of antivirals that target RNase H.

HIV-1 reverse transcriptase (RT) is vital for viral replication
and has been a key target of antiviral therapies. The enzyme

has three activities: RNA-dependent DNA polymerase activity to
synthesize a cDNA strand using the positive-strand RNA viral
genome as a template, RNase H activity to remove the viral RNA
template during cDNA synthesis, and DNA-dependent DNA
polymerase activity to complete the synthesis of the double-
stranded DNA (dsDNA) using the cDNA as a template (50). While
most approved anti-HIV drugs target RT, all of the approved RT
drugs inhibit only the polymerase activity of the enzyme. Eventu-
ally, patients on antiretroviral therapy develop resistance to these
drugs (3, 49, 68, 73), rendering them ineffective. Because of this,
there are extensive efforts to identify new targets for the develop-
ment of HIV therapeutics.

One such target is the RNase H activity of HIV-1 RT, which is
the only enzymatic activity of the virus that has yet to be addressed
by antiretroviral drugs. Such drugs would likely be active against
all current drug-resistant viral strains, because the RNase H active
site is located at the opposite end of the enzyme from the polymer-
ase domain (�50 Å away) that is currently targeted by nucleoside
and nonnucleoside RT inhibitors (79). Several compounds have
been found in recent years to effectively inhibit the RNase H ac-
tivity of HIV-1 RT, including �,�-diketo acids and derivatives (27,
77, 78, 91), pyrimidinol carboxylic acids (43, 47), hydroxytropo-
lones (including �-thujaplicinol) (6, 12, 15, 21, 34), dimeric lac-
tones (19), 1,3,4,5-tetragalloylapiitol (86), phenolic glycosides
(10), vinylogous ureas (16, 94), N-hydroxyimides (33, 44), 2-hy-
droxyisoquinoline-1,3(2H,4H)-diones (8, 9), acylhydrazones (11,

30, 35, 80), and naphthyridinones (84, 95). Although these inhib-
itors have been studied for the ability to inhibit HIV-1 RT, little is
known about their effectiveness against other retroviral RTs, such
as the gammaretroviral Moloney murine leukemia virus
(MoMLV) and xenotropic murine leukemia virus-related virus
(XMRV) RTs.

HIV-1 RT is structurally very different from the gammaretro-
viral MoMLV RT, which is closely related to XMRV RT in se-
quence and presumably in structure (17, 28, 29, 61). HIV-1 RT
exists as a heterodimer composed of two subunits: an enzymati-
cally active 66-kDa p66 domain, which contains the polymerase
domain (composed of the fingers, palm, thumb, and connection
subdomains) and the RNase H domain, and a 51-kDa p51 do-
main, which mainly provides structural support and has an amino
acid sequence identical to that of p66 but does not contain the
RNase H domain, which is removed by proteolytic cleavage (38,
45, 72, 75, 79). MoMLV RT is a 74-kDa monomer in the published
crystal structures (17, 18, 29, 60), lacking the structural support
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that p51 provides for HIV-1 RT. MoMLV RT may make up for
this lack of structural support by possibly forming a homodimer
during DNA synthesis (90). Although MoMLV and XMRV RTs
share a strikingly high sequence identity (95%), most of the dif-
ferences lie in the RNase H domain (61). Thus, studies of the
RNase H function, structure, and inhibition of these enzymes
should provide insights into the differences between the gamma-
retroviral and lentiviral enzymes and aid the design of novel, po-
tent inhibitors of retroviral RNase H activity.

Here we used biochemical methods to determine the differences
in RNase H activity caused by acylhydrazone-, naphthyridinone-,
and hydroxyisoquinolinedione-based RNase H inhibitors (RNHIs)
and compare their effectiveness against XMRV RT with their effec-
tiveness against HIV-1 RT. The crystal structure of the isolated
XMRV RNase H domain also provides a structural basis for the func-
tion and inhibition of gammaretroviral RNase H activity.

MATERIALS AND METHODS
Compounds. Naphthyridinone {4-[(4=-aminomethyl-1,1=-biphenyl)methyl]-
1-hydroxy-1,8-naphthyridin-2-one (NAPHRHI)} and acylhydrazone (trihy-
droxy benzoyl naphthyl hydrazone [THBNH] and trihydroxy benzoyl biphenyl
carboxylate hydrazone [BHMP07]) RNHIs were synthesized as previously
reported (23, 30, 35, 95; U.S. patent application 20100056516). The hy-
droxyisoquinolinedione RNHI 7-(furan-2-yl)-2-hydroxy-isoquinoline-
1,3(2H,4H)-dione (YLC2-155) was synthesized in Zhengqiang Wang’s
laboratory (University of Minnesota, Minneapolis, MN). The hydroxy-
isoquinolinedione compound was originally designed to inhibit hepatitis
C virus NS5B polymerase (13).

Plasmid construction. Plasmid pBSK-XMRV, containing the coding
sequence of XMRV RT from the VP62 clone (GenBank accession no.
DQ399707.1), was synthesized and optimized for Escherichia coli expres-
sion by Epoch Biolabs Inc. The 2,013-bp XMRV RT sequence was ampli-
fied from pBSK-XMRV by PCR, with NdeI and HindIII restriction sites
(61), and cloned into a pET28a vector. Construct pET-28a-MRT, encod-
ing full-length (FL) wild-type MoMLV RT, was provided by Mukund
Modak (New Jersey Medical School, Newark, NJ). HIV-1 RT was cloned
into a pETDuet-1 vector and purified as previously described (4, 32, 56,
75). Plasmid pCSR231, encoding protein p15-Ec, a catalytically active
chimeric HIV-1 RNase H domain fragment containing an �-helical sub-
strate binding loop derived from E. coli RNase H1 (41, 78, 83), was a
generous gift from Daria Hazuda (Merck, West Point, PA).

A DNA amplicon coding for amino acids 498 to 671 of XMRV RT was
ligated into the bacterial expression vector pGEX-4T-1 (GE Healthcare
Life Sciences) using restriction enzymes BamHI and XhoI. The resulting
construct allows for the expression of a glutathione S-transferase (GST)-
RNase H fusion protein that is cleavable with thrombin. A second XMRV
RNase H construct was generated as described above with a deletion of
residues 595 to 605 (helix C), resulting in a GST-RNase H �C fusion
protein.

Protein expression and purification. Expression and purification of
MoMLV and XMRV RTs were carried out similarly to previously pub-
lished protocols (14, 40, 61). HIV-1 RNase H domain p15-Ec was ex-
pressed and purified as described previously (30).

The FL XMRV RNase H domain and the XMRV RNase H domain
without helix C (residues 595 to 605; �C RNase H) were expressed in E.
coli BL-21 as previously described for MoMLV RNase H (51). The FL and
�C RNase H proteins were purified by GST column chromatography,
followed by overnight cleavage of the GST tag with thrombin, and further
purified by size exclusion chromatography as previously described (56).

RNase H activity assays. A 5=-Cy3-labeled RNA template (5=-Cy3-
GGAAAUCUCUAGCAGUGGCGCCCGAACAGGGACCU) was heat
annealed to a 3-fold molar excess of DNA primer (5=-AGGTCCCTGTTC
GGGCGCCACT) to yield a Cy3-Tr35/Pd22 RNA-DNA substrate as previ-
ously described (24). HIV-1 RT (20 nM) was incubated with RNA-DNA

duplex (50 nM) at 37°C in buffer containing 50 mM Tris (pH 7.8), 60 mM
KCl, 0.1 mg/ml bovine serum albumin (BSA), 0.01% NP-40, 2 mM di-
thiothreitol (DTT), and 0.5 mM EDTA. RNase H assays of MoMLV RT
and XMRV RT were performed using 20 nM and 100 nM enzymes, re-
spectively. Reactions were initiated by the addition of 6 mM MgCl2 (for
HIV-1 RT) or 0.5 mM MnCl2 (for XMRV and MoMLV RTs). Aliquots of
the reactions were stopped at the indicated time points by adding an equal
volume of 100% formamide containing bromophenol blue. RNase H
cleavage products were resolved on 15% polyacrylamide–7 M urea gels,
which were scanned using a PhosphorImager (FujiFilm FLA 5000). Bands
of uncleaved RNA-DNA duplex were quantified using Multi Gauge
(FujiFilm). Values of calculated percent RNA-DNA duplex were plotted
as a function of time using GraphPad Prism 4 (GraphPad Software, Inc.)
to determine the rate of cleavage, k (min�1), using the one-phase expo-
nential-decay equation Y � Y0(e�kt) � C, where Y is % RNA-DNA du-
plex, Y0 is the difference in activity maxima and minima, and e�kt is the
exponential decay with rate k relative to time t.

Site-specific hydroxyl-radical footprinting assay. 5=-Cy3-Td43/Pd30

(50 nM) was incubated with HIV-1 RT (600 nM) or XMRV RT (1 �M) in
120 mM sodium cacodylate (pH 7)–20 mM NaCl–5 mM MgCl2–5 �M
ddATP to allow quantitative chain termination. Prior to treatment with
Fe2�, complexes were preincubated for 7 min with the next nucleotide
(dTTP; 500 �M) or phosphonoformic acid (PFA; 0 to 100 �M). The
complexes were treated with 1 mM ammonium iron sulfate as previously
described (53). This reaction relies on Fe2� autoxidation (7) to create a
local concentration of hydroxyl radicals, which cleave DNA at the nucle-
otide closest to the Fe2� specifically bound to the RNase H active site. The
ternary complexes with dTTP and PFA indicated the relative positions of
the RNase H site with respect to the 3= primer terminus under post- and
pretranslocation conditions, respectively (69, 70, 93).

RNase H inhibition assays. We used the following RNase H sub-
strates: HTS-1 (5=-GAUCUGAGCCUGGGAGCU-fluorescein-3= an-
nealed to 5=-Dabcyl-AGCTCCCAGGCTCAGATC-3=), which induces
random or nonspecific RNA cleavage, and HTS-2 (5=-CUGGUUAGACC
AGAUCUGAGCCUGGGAGCU-fluorescein-3= annealed to 5=-Dabcyl-A
GCTCCCAGGCTCAGATC-3=), which induces 3=-mediated RNA cleav-
age. When the RNA and DNA strands of each substrate are annealed
together, the fluorescence signal of the fluorescein is quenched by the
Dabcyl. After RNA cleavage, the fluorescein-labeled RNA fragment disso-
ciates from the DNA strand, resulting in a measurable fluorescence signal.
Susceptibility assays using RNHIs were performed as previously de-
scribed, with some modifications (65). The HIV-1 RT RNase H reaction
buffer contained 50 mM Tris (pH 7.8) and 50 mM NaCl, while the XMRV
reaction buffer contained 50 mM Tris (pH 7.8), 60 mM KCl, 0.1 mg/ml
BSA, 0.01% NP-40, and 1 mM DTT. Dilutions of RNHIs were prepared
using 100% dimethyl sulfoxide (DMSO) so that the final concentration in
the reaction was 1%. Random-cleavage assay mixtures included 100 nM
HTS-1, 20 nM enzyme, and 5 mM MgCl2 (HIV-1 RT) or 0.5 mM MnCl2
(XMRV RT), and various concentrations of inhibitors were incubated for
20 min at 37°C. 3=-mediated cleavage was assessed in reaction mixtures
containing 100 nM HTS-2. Reactions were quenched by the addition of
EDTA to a final concentration of 33 mM. Fluorescence signals were mea-
sured using an excitation wavelength of 485 nm and an emission wave-
length of 528 nm in an EnSpire Multimode Plate Reader (Perkin-Elmer).
The results from dose-response experiments were plotted using Graph-
Pad Prism 4, and 50% inhibitory concentrations (IC50s) were obtained at
midpoint concentrations (22). Reactions were performed in duplicate.

Susceptibility assays using RNase H fragments (XMRV FL RNase H or
p15-Ec) to RNHIs were performed similarly to the procedure described
for the RTs. A 200 nM concentration of FL RNase H or a 20 nM concen-
tration of p15-Ec was incubated with 250 nM HTS-1 or HTS-2 in the
presence of 0.5 mM MnCl2 for 20 min at 37°C. Reactions were performed
in duplicate. IC50s were determined as described above.

Polymerase inhibition assays. Template DNA (5=-ATGTGTGTGC
CCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCT
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TTTAGTCAGTGTGGAATATCTCATAGCTTGGCGCCCGAACAGG
GAC) was heat annealed in an equimolar amount to a DNA primer (5=-
GTCCCTGTTCGGGCGCCA) to yield a Td100/Pd18 DNA-DNA substrate
as previously described (56). The polymerase reaction buffer contained 50
mM Tris (pH 7.8) and 50 mM NaCl. Dilutions of compounds were pre-
pared using 100% DMSO so that the final concentration in the reaction
was 1%. For HIV-1 RT, 0.5 mM EDTA, 50 nM Td100/Pd18, 1 �M deoxy-
nucleotide triphosphates (dNTPs), and 20 nM HIV-1 RT were incubated
in the reaction buffer before initiation of the reaction with 6 mM MgCl2
and various concentrations of inhibitors. For XMRV RT, 0.05 mM EDTA,
40 nM Td100/Pd18, 50 �M dNTPs, and 100 nM XMRV RT were incubated
in the reaction buffer before initiation of the reaction with 0.6 mM MnCl2
and various concentrations of inhibitors. Reactions were run at room
temperature for 30 min, quenched by the addition of 50 �l of 100 mM
EDTA and 2� Quant-iT PicoGreen dsDNA reagent (Invitrogen) to quan-
tify the amount of dsDNA present in solution. Fluorescence signals were
measured using an excitation wavelength of 480 nm and an emission
wavelength of 520 nm in an EnSpire Multimode Plate Reader. To assess
the effects of the inhibitors, the fluorescence signal was plotted using
GraphPad Prism 4 to determine the IC50s.

Cell-based inhibitor susceptibility assays using pseudotyped and in-
fectious viruses. Monolayer cultures of 293FT cells were seeded at 1 �
105/well in six-well plates. Six hours later, the cells were transfected with
350 ng of pGFP reporter-LTR, 300 ng of pVSV Env (vesicular stomatitis
virus [VSV]), and 350 ng of pCMV-XMRV-Gag/Pol or pCMV-MoMLV-
Gag/Pol to obtain XMRV or MoMLV pseudotyped with VSV Env (61). To
prepare HIV-1 pseudotyped with VSV Env, we used the above-described
transfection protocol but with 500 ng of pCMV-HIV-GFP and 500 ng of
pVSV Env. Culture supernatants from 293FT cells were collected 48 h
after transfection, clarified by centrifugation at 1,100 rpm in a swinging-
bucket rotor for 5 min, and filtered through 0.45-�m-pore-size sterile
filters. Virus-containing supernatants were serially diluted and used to
infect target cells at various inhibitor concentrations. Azidothymidine
(AZT) and 4=-ethynyl-2-fluoro-2=-deoxyadenosine (EFdA) were used as
controls (56, 64). Target cells for pseudotype assays were MAGIC-5 cells.
At 48 h postinfection, the green fluorescent protein (GFP)-expressing
cells were counted under a fluorescence microscope. Drug concentrations
reducing the number of infected cells to 50% of the drug-free control
(50% effective concentrations [EC50s]) were determined from dose-re-
sponse curves.

For fully infectious virus, we used HIV-1 laboratory strain NL4-3,
which was obtained from the AIDS Research and Reference Reagent Pro-
gram at the National Institutes of Health (NIH). 293T cells were trans-
fected with pNL4-3 by FuGENE 6 (Roche). Supernatants containing
NL4-3 were harvested 72 h after transfection and stored at �80°C until
use. Susceptibility to EFdA and NAPHRHI was determined using MAG-
IC-5 cells (CCR5-expressing HeLa/CD4� cell clone) (31). Briefly, MAG-
IC-5 cells were infected with a diluted virus stock (100 blue forming units)
in the presence of increasing concentrations of RNHI. Forty-eight hours
after viral exposure, the blue cells stained with X-Gal (5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside) were counted under a light micro-
scope. Susceptibility to AZT and YLC2-155 was determined using TZM
cells as previously described (58), while susceptibility to BHMP07 and
THBNH was determined using CEM cells (36). EC50s were determined
from dose-response curves as described for pseudotype-based assays and
previously (61).

Cytotoxicity assay. Cytotoxic effects of the various compounds were
evaluated using an XTT cell viability kit (Biotium Inc.). XTT [2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide] is a
tetrazolium derivative. This assay measures cell viability based on the
activity of mitochondrial enzymes in live cells that reduce the XTT reagent
and are inactivated shortly after cell death. The amount of product gen-
erated from XTT is proportional to the number of living cells in the sam-
ple and can be quantified by measuring absorbance at a wavelength of 475
nm. Briefly, the compounds were tested in triplicate experiments in a

96-well plate format. Ten thousand cells per well (100 �l) were incubated
at 37°C with various amounts of the compounds. After 48 h, 25 �l of the
XTT reagent was added to each well and incubated for 3 h before absor-
bance measurement at a wavelength of 475 nm and a reference wavelength
of 660 nm. As the compound concentration increases, the absorption
decreases. Percent absorption values of the compounds were determined
relative to that of a control that did not contain inhibitor and plotted in
GraphPad Prism 4 to obtain 50% cytotoxic concentrations (CC50s).

Crystallization and data collection. XMRV �C RNase H was concen-
trated to 22 mg/ml and used with several crystal screening kits (Hampton
Research and Qiagen) by sitting-drop vapor diffusion at 18°C. Hits from
the initial screening conditions were optimized into large bundles of nee-
dles grown in 27% polyethylene glycol (PEG) 1500 and 0.1 M sodium
citrate, pH 4.7. Thin needles were observed within 24 h, and the crystals
grew larger after 3 to 4 days. Crystals were typically soaked in a solution
containing 5 mM MgCl2 and RNHI for 2 h.

XMRV RNase H �C crystals soaked with MgCl2 and inhibitor were
cryoprotected with reservoir solution containing 17% PEG 200. Single
needles diffracted to high resolution at Beamline 4.2.2 of the Advanced
Light Source at Lawrence Berkeley National Laboratory. The data were
processed using d*TREK (67). The �C RNase H crystals were of space
group P41 and had unit cell dimensions of a � 37.5 Å and c � 100.7 Å. One
monomer was present in the asymmetric unit, and the Matthews coeffi-
cient was 2.1 Å3/Da, corresponding to a solvent content of 40.6% (54).

Phase determination and structure refinement. The structure was
determined by molecular replacement using Phaser (55). The crystal
structure of the MoMLV RNase H domain (Protein Data Bank [PDB]
code 2HB5) was used as a search model. After initial rigid-body, TLS, and
restrained refinement in Phenix (1), Rwork dropped to 0.299 with an Rfree

of 0.316. A simulated annealing protocol was also run during refinement
to remove model bias. An initial model was built using ARP/wARP (46,
66) with refinement using Refmac (57, 59). Several cycles of model build-
ing and refinement were carried out using Coot (25) and Phenix, respec-
tively. The final model was validated using MolProbity (20). Final refine-
ment statistics are listed in Table 1.

Molecular modeling. To obtain a model of the XMRV �C RNase H
bound to nucleic acid, the XMRV �C RNase H structure was superposed
onto a structure of HIV-1 RT in complex with an RNA-DNA substrate
(PDB ID, 1HYS) (71) using the PyMOL molecular graphics software (74).
Minor adjustments to side chain positions were made to relieve any steric
interactions in Coot.

Protein structure accession number. The atomic coordinates and
structure factors determined in this study have been deposited in the
Research Collaboratory for Structural Bioinformatics PDB and are avail-
able under accession code 3P1G.

RESULTS
Dependence of RNase H activity on divalent metal. In order to
compare the RNase H activities of XMRV, MoMLV, and HIV-1
RTs, we performed time-dependent RNase H activity assays in the
presence of Mg2� and Mn2�. The RNase H cleavage patterns of
the Cy3-Tr35/Pd22 RNA-DNA by HIV-1, MoMLV, and XMRV
RTs were different. HIV-1 RNase H showed a primary cut at ap-
proximately18 bp upstream from the 3= primer end, whereas both
the MoMLV and XMRV RNases H showed a primary cut at ap-
proximately 19 bp from the 3= primer end (Fig. 1A), suggesting a
difference in the distance between the polymerase and RNase H
active sites. HIV-1 RNase H activity is slightly faster in the pres-
ence of Mg2� than Mn2� (rates of RNA-DNA cleavage [k] were
3.0 and 1.9 min�1, respectively), while XMRV and MoMLV
RNase H showed 4- to 6-fold increased rates of cleavage (k) in the
presence of Mn2� versus Mg2� (Fig. 1B). Similarly, we have re-
cently reported that the polymerase activities of both the MoMLV
and XMRV RTs are higher in the presence of Mn2� (61). We also
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tested both the FL and �C constructs of the isolated XMRV RNase
H domain for RNase H activity. We found that the FL XMRV
RNase H had considerable RNase H activity, although it was lower
than that of the XMRV RT enzyme. We also found that the XMRV
�C RNase H also demonstrated RNase H activity comparable to
that of the FL XMRV RNase H domain.

Relative distance between the polymerase and RNase H sites
of RTs. To confirm the potential difference in the distance be-
tween the polymerase and RNase H active sites suggested from the
RNase H cleavage experiments, we used a hydroxyl-radical foot-
printing assay that precisely determines the position of the RNase
H cleavage with respect to the polymerase active site (Fig. 2). As
expected for both enzymes, addition of increasing amounts of the
incoming dNTP results in the formation of more RT-DNA com-
plex in a posttranslocation state, whereas addition of PFA favors
binding of RT in a pretranslocation state. Notably, at this specific
site, in the absence of either dTTP or PFA, most of the enzyme is at
a posttranslocation state (�17 for HIV-1 RT and �18 for XMRV
RT). Hence, for the HIV-1 and XMRV RTs, the pretranslocation
states (in the presence of PFA) are 18 and 19 bp upstream from the
primer’s 3= end (Fig. 2).

Inhibition of RNase H activity. To compare the susceptibil-
ities of the XMRV and HIV-1 RTs to RNHIs, we performed a
fluorescence-based assay (65). Two different RNA-DNA sub-
strates were used: HTS-1, a blunt-ended, polymerase-indepen-
dent substrate that induces nonspecific RNA cleavage, and
HTS-2, a polymerase-dependent substrate that induces 3=-me-
diated RNA cleavage. The BHMP07 acylhydrazone and
NAPHRHI naphthyridinone compounds have been previously
shown to inhibit HIV-1 RT RNase H (30, 95). The acylhydra-
zone THBNH is similar to the previously reported dihydroxy
benzoyl naphthyl hydrazone (35). While some hydroxyiso-
quinolinediones are known RNHIs (8, 9), YLC2-155 has not
been tested against RNase H. Our results showed that two of
the four inhibitors (NAPHRHI and YLC2-155) effectively in-
hibited nonspecific RNA cleavage by both HIV-1 and XMRV
RTs (Fig. 3B). BHMP07 and THBNH were both potent inhib-
itors of random RNA cleavage by HIV-1 RT (IC50s, 96 and 177
nM) but less effective against XMRV RT (IC50s, 1,305 and 1,446
nM). NAPHRHI was the most potent inhibitor of nonspecific
RNA cleavage by both the HIV-1 and XMRV RTs (IC50s, 21 and
8 nM). Random RNA cleavage by XMRV RNase H domain was
also sensitive to NAPHRHI (IC50, 357 nM), but not the acyl-
hydrazone or hydroxyisoquinolinedione inhibitors. Interest-
ingly, XMRV �C RNase H was not inhibited by NAPHRHI. All
four compounds tested were highly effective against nonspe-
cific RNA cleavage by the p15-Ec HIV RNase H fragment, with
IC50s ranging from 18 to 56 nM. YLC2-155 was more potent
against XMRV than HIV-1 RT. Although this compound was
highly effective against XMRV RT, it was less effective against
the XMRV RNase H domain.

Similar to the inhibition of nonspecific RNA cleavage,
NAPHRHI and YLC2-155 were also potent inhibitors of 3=-medi-
ated RNA cleavage by both the HIV-1 and XMRV RTs (Fig. 3C).
BHMP07 and THBNH were both effective inhibitors of 3=-medi-
ated RNA cleavage by HIV-1 RT (IC50s, 287 and 552 nM) but less
effective against XMRV RT (IC50s, 851 and 1,609 nM). Overall,
the compounds more efficiently inhibited nonspecific, rather than
3=-mediated, RNA cleavage by HIV-1 RT. 3=-mediated cleavage by
XMRV RNase H was also inhibited by NAPHRHI (IC50, 402 nM)
but not by the other compounds. This result confirms that
NAPHRHI efficiently inhibits XMRV RT RNase H activity. Simi-
lar to the results observed for nonspecific RNA cleavage, all four
RNHIs were also potent inhibitors of 3=-mediated cleavage by the
p15-Ec HIV RNase H fragment.

In order to better understand the mechanism of action of the
most potent inhibitor of XMRV RT, NAPHRHI, we tested the
effect of varying the NAPHRHI and RNA-DNA preincubation
conditions on the inhibition of the RNase H activities of the HIV-1
and XMRV RTs and of XMRV RNase H (Fig. 4). We tested the
following combinations of preincubation conditions of the four
reaction components: enzyme plus NAPHRHI, enzyme plus
NAPHRHI plus MgCl2 or MnCl2, enzyme plus NAPHRHI plus
RNA-DNA substrate (HTS-1), and enzyme plus HTS-1. After in-
cubation at 37°C for 5 min, the reactions were initiated by addi-
tion of the missing components. The results reveal that the prein-
cubation conditions do not significantly affect the ability of
NAPHRHI to inhibit the RNase H activity of HIV-1 RT in the
presence of Mg2� (Fig. 4A) or XMRV RT in the presence of Mn2�

(Fig. 4C). However, preincubation of XMRV RNase H with RNA-

TABLE 1 X-ray data collection and refinement statistics

Parameter Value

Wavelength (Å) 1.0
Resolution (Å) 1.50 (1.55–1.50)a

Space group P41

Cell dimensions
a, c (Å) 37.5, 100.7
No. of observed reflections 150,720
No. of unique reflections 22,272
Redundancy 6.8 (3.7)
Completeness (%) 99.9 (99.3)
Rsym

b 0.098 (0.771)
Avg I/� ratio 7.8 (2.1)

Refinement statistics
Resolution (Å) 37.53–1.50

No. of reflections
Working 21,970
Test 1,122

Rwork
c 0.161

Rfree
d 0.182

No. of water molecules 162
Overall B value (Å2) 28.24
Wilson B value (Å2) 20.23
RMSD bond length (Å) 0.006
RMSD angle (°) 0.995

Ramachandran plot (%)e

Favored 98.4
Allowed 1.6
Disallowed 0.0

a Values in parentheses are for the highest-resolution shell.
b Rsym � �hkl |I � �I	|/�hkl |I|.
c Rwork � �hkl |Fobs � Fcalc|/�hkl |Fobs|.
d Rfree � Rcryst, except 5% of the data were excluded from the refinement.
e Evaluated by MolProbity (20).
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DNA in the presence of Mn2� appeared to decrease the ability of
NAPHRHI to inhibit the RNase H fragment (Fig. 4E).

To confirm that the presence of nucleic acid does not compete
with the binding of NAPHRHI, we tested the effect of the RNA-
DNA concentration on the potency of XMRV RNase H inhibition
by NAPHRHI side by side with another RNHI, �-thujaplicinol,
which is known to lose its inhibitory effect when the target enzyme
is preincubated with the RNA-DNA substrate (Table 2) (6). The
reaction mixtures were preincubated with XMRV RNase H,
MnCl2, and various concentrations of NAPHRHI or �-thujapli-
cinol before initiation of the reaction with different concentra-
tions of HTS-1 RNA-DNA. As the RNA-DNA concentration was
increased, NAPHRHI remained a potent inhibitor of XMRV

RNase H (IC50s between 190 and 414 nM). �-Thujaplicinol was
able to inhibit XMRV RNase H in the presence of 200 nM HTS-1
RNA-DNA substrate (IC50, 1.4 �M). However, as expected,
�-thujaplicinol was not able to inhibit XMRV RNase H as the
concentration of RNA-DNA substrate was increased.

Inhibition of polymerase activity. In order to determine if the
RNHIs also inhibit the polymerase activity of HIV-1 and XMRV
RTs, we performed polymerase inhibition assays using the
Quant-iT PicoGreen dsDNA reagent, which is an ultrasensitive
fluorescent nucleic acid stain used to quantify the amount of
dsDNA in solution. The results indicate that, in general, the com-
pounds are less effective at inhibition of polymerase activity than
RNase H activity, with IC50s for polymerase activity between 1 and

FIG 1 Dependence of RNase H activity on metal and time for HIV-1, MoMLV, and XMRV RTs. (A) A 50 nM concentration of Cy3-Tr35/Pd22 was incubated with
20 nM HIV-1 RT or MoMLV RT or 100 nM XMRV RT for the indicated times. Lengths of cleavage products are indicated. (B) Quantification of cleavage
products shown in panel A. Percent RNA-DNA duplex was plotted as a function of time to determine the rate of cleavage, k (min�1), by each enzyme.
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100 �M. The naphthyridinone NAPHRHI was the most effective
RNHI against the polymerase activity of both the HIV-1 and
XMRV RTs (IC50, 5 �M for both enzymes). Acylhydrazones
BHMP07 and THBNH and hydroxyisoquinolinedione YLC2-155
were able to inhibit the polymerization activity of HIV-1 RT in the
low micromolar range (IC50, 4 to 9 �M). On the other hand, only
BHMP07 and THBNH were able to inhibit the polymerization
activity of XMRV RT (IC50s, 16.5 and 31.6 �M, respectively).
These results reveal that the most potent RNHIs (naphthyridi-
none NAPHRHI and hydroxyisoquinolinedione YLC2-155) dem-
onstrate selectivity for inhibition of the RNase H activity of HIV-1
and XMRV RTs over inhibition of the polymerase activity of these
enzymes.

Antiviral properties of RNHIs in cell-based assays. To deter-
mine the susceptibility of retroviruses to RNHIs in vivo, we per-
formed single-cycle viral replication assays using XMRV,
MoMLV, and HIV-1 with the gene for GFP as a reporter. The
viruses were pseudotyped with VSV envelope (VSV-G) (Table 3).
We used AZT as a positive control of viral inhibition and con-
firmed previous reports that, similar to HIV-1, XMRV and
MoMLV are highly susceptible to AZT (64). We also showed that
XMRV and MoMLV are also susceptible to EFdA, with an EC50

higher than that for HIV-1 (by 78- and 70-fold, respectively). The
naphthyridinone RNHI NAPHRHI inhibited XMRV or MoMLV
by �30% at a concentration of 2 �M. However, it was not possible
to reliably assess its antiviral potency because NAPHRHI showed
signs of cytotoxicity at a concentration of 4.1 �M. NAPHRHI was
slightly more active against pseudotyped HIV by blocking 50% of
infection at 1.3 �M.

We also tested the RNHIs in cell-based assays using fully infec-
tious HIV-1 (strain NL4-3, Table 4). AZT and EFdA were used as
controls. The acylhydrazone compounds BHMP07 and THBNH
demonstrated inhibition of infectious HIV at EC50s of 2.5 and 3.0
�M, respectively. The hydroxyisoquinolinedione compound
YLC2-155 was slightly less efficient, with an EC50 of 6.7 �M. How-
ever, the naphthyridinone compound NAPHRHI was able to po-

tently inhibit infectious HIV-1 NL4-3 (EC50 � 250 nM).
NAPHRHI was also able to effectively inhibit HIV-1 MN with an
EC50 of 180 nM, making NAPHRHI more effective at inhibition of
the fully infectious virus than of the pseudotyped HIV.

Cytotoxicity of RNHIs. We tested the cytotoxic effects of the
RNHIs with an XTT cell viability assay to assess their potential as
therapeutics. This assay measures cell viability based on the activ-
ity of mitochondrial enzymes in live cells that reduce the XTT
reagent and are inactivated shortly after cell death. The amount of
product generated from XTT is proportional to the number of
living cells in the sample and can be quantified by measuring ab-
sorbance at a wavelength of 475 nm. We found that CC50s were
greater than 100 �M for the acylhydrazone (BHMP07 and
THBNH) and hydroxyisoquinolinedione (YLC2-155) com-
pounds (Table 4). However, the NAPHRHI compound was more
cytotoxic, with a CC50 of 4.1 �M.

Structure of XMRV �C RNase H. To better understand how
the structure of XMRV RNase H may affect its function and inhi-
bition by RNHIs, we pursued crystallization of the isolated XMRV
RNase H domain to determine its molecular architecture. Parallel
crystallization of both the FL and �C XMRV RNase H constructs
was undertaken in anticipation that similar problems would arise
in crystallizing the FL construct as had been observed with the
MoMLV FL RNase H (51). After initial screening and further op-
timization, thick needles of XMRV �C RNase H were grown and
diffracted X-rays to 1.5 Å, resulting in a high-resolution electron
density map (Fig. 5A). Although these crystals were soaked with
NAPHRHI inhibitor in the presence of MgCl2, no inhibitor was
observed in the electron density at the active site.

The structure of XMRV �C RNase H is similar to that of
MoMLV �C RNase H, with some small differences. Like that of
the MoMLV �C RNase H, the core of the XMRV �C RNase H
structure contains a mixed �-sheet composed of five strands (four
parallel and one antiparallel), flanked by four �-helices (Fig. 5B).
The primary difference between the MoMLV and XMRV �C
RNases H is at the C terminus; the XMRV �C RNase H �-helix E

FIG 2 Use of site-specific Fe2� footprinting assay to determine the translocation state of RTs bound to DNA. The translocation state of RTs was determined using
hydroxyl radical footprinting. A 50 nM concentration of 5=-Cy3-Td43/Pd30-ddA chain terminated with ddA was incubated with HIV-1 RT (600 nM) or XMRV RT
(1 �M) and a 0 to 500 �M concentration of the next incoming nucleotide (dTTP) to induce the formation of posttranslocation complexes or a 0 to 100 �M
concentration of PFA to induce the formation of pretranslocation complexes. The complexes were treated for 5 min with ammonium iron sulfate (1 mM) and
resolved on polyacrylamide–7 M urea gel. For HIV-1 RT, cleavages at positions �18 and �17 from the 3=-OH of the primer strand indicate pre- and
posttranslocation complexes, respectively. In the case of XMRV RT, the corresponding complexes are at positions �18 and �19, suggesting a slightly longer
distance between the polymerase and RNase H active sites.
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is longer than that of MoMLV �C RNase H. The differences be-
tween XMRV �C RNase H and HIV-1 RNase H are also similar to
those found for MoMLV and HIV RNases H (51). XMRV �C
RNase H has a longer �-sheet 1 and �-helix E and a shorter
�-sheet 3 than HIV-1 RNase H. A sequence alignment of the
RNase H domains of the XMRV, MoMLV, HIV-1, and Bacillus
halodurans RTs shows the similarities among these enzymes, in-
cluding the highly conserved active-site catalytic residues (Fig. 6).
Because the MoMLV and XMRV RTs are highly homologous
(95% sequence identity), the root mean square deviation (RMSD)
of the MoMLV and XMRV RNH domains is 0.34 Å. Since the
XMRV and HIV-1 RTs are less homologous (21% sequence iden-
tity), the RMSD of the XMRV and HIV-1 RNH domains is slightly
higher at 1.6 Å.

Close inspection of the active site of XMRV �C RNase H
showed one Mg2� octahedrally coordinated to the three con-
served acidic residues (Asp524, Glu562, and Asp583) that make
up the catalytic core of the RNase H and two water molecules (Fig.

7A). This is similar to the active-site coordination observed in the
MoMLV �C RNase H structure (51).

Model of XMRV �C RNase H bound to nucleic acid. In order
to assess if the differences in structure between the XMRV �C and
HIV-1 RNase H domains might have an effect on substrate bind-
ing, we modeled an RNA-DNA substrate with the XMRV �C
RNase H structure. The XMRV �C RNase H domain was aligned
with the RNase H domain of the HIV-1 RT-RNA-DNA complex
(PDB ID, 1HYS) (71). Of the 568 amino acids that are different
between the XMRV and HIV-1 RTs, 129 (23%) of them are in the
RNase H domain. A total of seven residues of the XMRV �C
RNase H domain appear to be at interacting distances from the
RNA-DNA substrate: Arg534, Ser557, Gln559, and Lys612, which
interact with the DNA primer strand, and Arg585, His638, and
Arg657, which interact with the RNA template strand (Fig. 8A).
Like HIV-1 RNase H, XMRV �C RNase H has a histidine which
stabilizes the scissile phosphate in the proper position at the active
site for cleavage (position 638 in XMRV, position 539 in HIV-1).

FIG 3 Inhibition of RNase H activity of HIV-1 and XMRV RTs and isolated XMRV and p15-Ec HIV RNases H by RNHIs. (A) RNHIs used in this study. (B) A
20 nM concentration of RT or p15-Ec HIV RNase H or 200 nM XMRV RNase H was preincubated with increasing concentrations of RNHIs at room temperature
for 5 min. Reactions were initiated by the addition of 100 nM RNase H substrate HTS-1 for the RTs (250 nM HTS-1 for XMRV and p15-Ec HIV RNases H) in
the presence of 5 mM MgCl2 (HIV-1 RT) or 0.5 mM MnCl2 (XMRV enzymes and p15-Ec). After 20 min of incubation at 37°C, reactions were quenched with
EDTA. The results from dose-response experiments were plotted using GraphPad Prism 4, and IC50s were obtained at midpoint concentrations. (C) Reactions
were performed as described above, with minor variation. A 20 nM concentration of enzyme and 100 nM RNase H substrate HTS-2 were used for the RTs, while
20 nM p15-Ec HIV RNase H or 200 nM XMRV RNase H and 250 nM HTS-2 substrate was used for the RNase H assays. Reaction mixtures were incubated for
20 min at 37°C.
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Also helping to stabilize the RNA template in XMRV is Arg585,
which interacts with the phosphate backbone of the RNA template
2 bases in front of (toward the 5= end of the template) the scissile
phosphate. In HIV-1 RNase H, there is a Gln500 at a similar po-
sition, but this residue interacts with the phosphate backbone of
the RNA template only 1 base in front of the scissile phosphate

(Fig. 8B). The last residue of the XMRV �C RNase H domain in
contact with the RNA template is Arg657, which has a very weak
interaction with the phosphate backbone of the RNA template 1
base behind (toward the 3= end of the template) the scissile phos-

FIG 4 Effect of preincubation conditions on inhibition of RNase H. We used HIV-1 RT (A), XMRV RT in the presence of Mg2� (B), XMRV RT in the presence
of Mn2� (C), XMRV RNase H in the presence of Mg2� (D), and XMRV RNase H in the presence of Mn2� (E). Each reaction mixture contained 20 nM RT or 200
nM RNase H, 500 nM NAPHRHI, 5 mM MgCl2 or 0.5 mM MnCl2, and 250 nM RNA-DNA (HTS-1) substrate. Assays were performed as described in Materials
and Methods. The enzymes were preincubated with inhibitor (NAPHRHI), MgCl2 or MnCl2, and/or RNA-DNA (HTS-1) substrate under the following
conditions at 37°C for 5 min prior to starting the reaction: �, enzyme plus NAPHRHI; Œ, enzyme plus NAPHRHI plus MgCl2 or MnCl2; �, enzyme plus
NAPHRHI plus HTS-1; �, enzyme plus HTS-1; ●, enzyme plus HTS-1 plus MgCl2 or MnCl2 (no-inhibitor control). The reactions were initiated by the addition
of the missing components. The fluorescence signal was normalized to the highest fluorescence value of the uninhibited reaction to obtain percent activity.

TABLE 2 Effect of RNA-DNA substrate concentration on potency of
RNHIsa

Inhibitor

Mean IC50 (nM) 
 SEM at [RNA-DNA] of:

200 nM 1,000 nM 5,000 nM

NAPHRHI 414 
 153 283 
 119 190 
 107
�-Thujaplicinol 1,407 
 714 	25,000 	25,000
a Reaction mixtures were preincubated with isolated XMRV RNase H (200 nM), MnCl2
(0.5 mM), and various concentrations of NAPHRHI or �-thujaplicinol inhibitor before
initiation of the reaction with different RNA-DNA (HTS-1) substrate concentrations.
The experiments were done in triplicate.

TABLE 3 Susceptibilities of NRTIs and NAPHRHI to pseudotyped
HIV-1, XMRV, and MoMLV

Inhibitor

Mean EC50 (�M) 
 SEM

Pseudotyped
HIV

Pseudotyped
XMRV

Pseudotyped
MoMLV

NRTIs
AZT 0.0051 
 0.0009 0.0081 
 0.00005 0.0074 
 0.0014
EFdA 0.0014 
 0.0004 0.11 
 0 0.098 
 0.002

RNHI NAPHRHI 1.3 
 0.2 	2a 	2a

a XMRV and MoMLV infectivities were 65 and 81%, respectively, in the presence of 2
�M NAPHRHI. Higher inhibitor concentrations resulted in cytotoxic effects.
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phate. HIV-1 RNase H has additional residues that aid in stabiliz-
ing the RNA template: Asn474 and Gln475, which provide added
stabilization near the scissile phosphate, and Arg448, which inter-
acts in the minor groove of the nucleic acid with the RNA base
containing the scissile phosphate (71). These additional interac-
tions near the cleavage site of the RNA template may help to fur-
ther stabilize the nucleic acid at the RNase H active site and likely
account, in part, for the increased rate of RNA cleavage observed
for HIV-1 RT over XMRV RT (Fig. 1). Additional nucleic acid
binding is provided for XMRV by the C helix (Fig. 8A), which is
likely to provide additional interactions with the primer strand of
the nucleic acid substrate.

We also compared the model of the XMRV �C RNase H-RNA-
DNA complex with the previously determined crystal structure of

B. halodurans in complex with an RNA-DNA substrate (PDB ID,
1ZBI; Fig. 8C) (62). The structure of B. halodurans shows a differ-
ent mode of substrate binding (likely due to the presence of a
second molecule on the same substrate) but demonstrates more
similarities to the HIV-1 RNase H structure rather than the
XMRV RNase H. Unlike XMRV (and HIV-1 when only one diva-
lent metal is present in the active site) RNase H, the scissile phos-
phate on the RNA template in B. halodurans is stabilized by a
second Mg2� ion and not a histidine or any other residues from
the enzyme. This Mg2� ion is stabilized by Asp192, similar to the
role of Asp549 in HIV-1 RNase H. Also similar to HIV-1 RNase H,
the RNA template in B. halodurans is stabilized by a Gln at posi-
tion 134 (Gln500 in HIV-1 RNase H). However, the Gln interacts
with the base portion of the RNA template 3 bases in front of
(toward the 5= end of the template) the scissile phosphate instead
of the phosphate backbone closer to the scissile phosphate. The
RNA template in the B. halodurans structure is further stabilized
by Ser74, Gly76 (neither of which appears in HIV-1 or XMRV
RNase H), Asn105, and Asn106 (which correspond to Asn474 and
Gln475 in HIV-1 RNase H, respectively).

Of the 18 amino acid differences (11%) between the XMRV
and MoMLV �C RNase H domains, 4 appear in positions near the
nucleic acid and therefore may affect substrate binding. Three
residues (593, 594, and 609) are located in the RNase H primer
grip, while one residue (528) is situated in �-sheet 1 near the active
site and facing out toward the template strand of the nucleic acid.
Residue 528 is likely to have the largest effect on substrate binding,
as the change from Leu in MoMLV, which interacts with the nu-
cleic acid, to Phe in XMRV, which points away from the RNA

TABLE 4 Susceptibilities of NRTIs and RNHIs to infectious HIV-1
NL4-3

Inhibitor EC50 (�M) CC50 (�M) Selectivity indexa

NRTIs
AZT 0.180 
 0.06 	100 	556
EFdA 0.0028 
 0.0007 	100 	35,714

RNHIs
NAPHRHI 0.250b 4.1 
 0.2 16.4
YLC2-155 6.7 
 0.8 	100 	14.9
BHMP07 2.5 
 1.0 	100 	40
THBNH 3.0 
 1.2 	100 	33

a Selectivity index � CC50/EC50.
b NAPHRHI was also tested against HIV-1 strain MN (EC50 � 180 nM).

FIG 5 Crystal structure of the isolated XMRV �C RNase H domain. (A) 2Fo-Fc electron density map of XMRV �C RNase H, displayed at � � 2.0. (B) Stereo view
of the isolated XMRV �C RNase H domain structure in cartoon representation. The structure contains an internal mixed �-sheet (shown in blue), composed of
four parallel strands and one antiparallel strand, and four �-helices (shown in red). One Mg2� ion (shown as a green sphere) is coordinated in the active site.
Images were made using PyMOL (74).
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template strand, possibly affects the stabilization of the nucleic
acid near the RNase H active site. This may partially account for
the lower rate of RNA cleavage observed for XMRV RT (0.32
min�1) than for MoMLV RT (1.07 min�1) in the presence of
Mn2� (Fig. 1).

DISCUSSION

The RNase H activity of retroviral RTs is critical for successful
replication of the viral genome. In addition to the polymerase
activity of RTs, which has historically been a popular target for
antiretrovirals, the RNase H domain has also become an attractive
target for antiviral therapies. A sound understanding of the func-
tion and structure of not only lentiviral but also gammaretroviral
enzymes will aid in the design of novel, specific, and more potent
inhibitors against retroviral RNase H function.

Our detailed analysis of the functional properties of gamma-
retroviral RNases H highlights similarities to and differences from
the related lentiviral HIV-1 counterpart. XMRV and MoMLV
RNases H are considerably less active than HIV-1 RNase H. This
may be due to the weaker binding affinity of XMRV RT for the
nucleic acid substrate (XMRV RT Kd 	 HIV-1 RT Kd), due to a
rate of dissociation (koff) that is higher than that of HIV-1 RT (61).
Structural differences may also play a role in the observed decrease
in RNase H activity for the gammaretroviral enzymes. Both the
MoMLV and XMRV RTs exist as monomers, unlike the heterodi-
meric HIV-1 RT, which benefits from the additional support pro-
vided by the p51 subunit (17). An additional difference in nucleic

acid binding includes the longer distance between the polymerase
and RNase H active sites in XMRV RT than in HIV-1 RT (1 bp or
approximately 3.4 Å) (28, 76). Such differences may affect the
trajectory of the nucleic acid at the RNase H active site and the
coordination of active site metals with the scissile phosphate
group, thus explaining the difference in metal preference between
the gammaretroviral (Mn2�) and lentiviral (Mg2�) RNases H.

Unlike the gammaretroviral RTs, HIV-1 RT lacks �-helix C in
the RNase H domain, which is thought to be important for sub-
strate binding (5, 26, 39, 51, 52), as the p15 RNase H domain of
HIV-1 RT has no enzymatic activity (81, 82, 97). Addition of a
highly basic loop from E. coli RNase H to the p15 HIV-1 RNase H
fragment has been shown to enhance the RNase H activity of
HIV-1 (41, 83).

RNHIs may offer expanded therapeutic options by comple-
menting existing treatments. Some of these inhibitors were ini-
tially discovered as HIV-1 integrase inhibitors (85, 89) and
were designed as active-site-directed compounds that would
bind divalent metals at the integrase or RNase H active site (2,
8, 9, 21, 42, 87, 88). Acylhydrazone-based (11, 30, 35, 80),
hydroxyisoquinolinedione-based (8, 9), and naphthyridinone-
based (84, 95) compounds are three classes of HIV-1 RNHIs.
Like most RNHIs, these compounds are based on metal-chelat-
ing pharmacophore scaffolds that have been optimized for po-
tent inhibition of HIV-1 RNase H. Our data are consistent with
previous results suggesting that naphthyridinone NAPHRHI
binds to the RNase H active site of HIV-1 RT and extend these

FIG 6 Sequence alignment of XMRV, MoMLV, HIV-1, and B. halodurans (Bh) RNases H. All deleted residues from the XMRV �C RNase H structure are
underlined in green. Residues contacting the RNA template are highlighted in red, residues contacting the DNA primer are highlighted in blue and residues
contacting both the RNA template and DNA primer are highlighted in blue with red letters. Hydrophobic core residues are highlighted in gray. Conserved
active-site residues are highlighted in yellow.
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findings for XMRV RNase H (95). Interestingly, unlike the
hydroxytropolone �-thujaplicinol, which can inhibit HIV-1
RNase H only when added to the reaction mixture before the
nucleic acid substrate (6), NAPHRHI can access the RNase H
active site even in the presence of RNA-DNA, especially in the
presence of Mn2� (Fig. 4B and C). Furthermore, in the pres-
ence of Mg2�, NAPHRHI is less effective against both XMRV
RT and isolated RNase H. This suggests that Mn2� binds
NAPHRHI more tightly than Mg2�, thus making NAPHRHI a
more effective inhibitor in the presence of Mn2�. Additional
data show that, unlike the potency of �-thujaplicinol, the concen-
tration of the RNA-DNA substrate does not decrease that of
NAPHRHI (Table 2), and therefore, the inhibitor does not com-
pete with the nucleic acid substrate for binding to the enzyme. Our
data also demonstrate that NAPHRHI inhibited the DNA poly-
merase activities of XMRV and HIV-1 RTs significantly less effi-
ciently (	50-fold) than the corresponding RNase H activities.
Moreover, the inhibitor efficiently blocked the RNase H function
of the XMRV and p15-Ec HIV-1 RNase H fragments. Therefore,

the primary mechanism of RNase H inhibition by NAPHRHI is
targeting of the RNase H active site (95).

The hydroxyisoquinolinedione compound YLC2-155 was a
potent RNHI of both HIV-1 RT and p15-Ec RNase H and a con-
siderably less efficient inhibitor of the DNA polymerase activity of
the RT. Interestingly, while YLC2-155 was also a potent RNHI of
XMRV RT, it did not inhibit the DNA polymerase of XMRV RT
and was also ineffective against the isolated XMRV RNase H do-
main. These data suggest that this compound may not bind at the
RNase H or polymerase active site of XMRV RT. Instead, it may
target a distinct binding site that allows inhibition of the RNase H
and not of the DNA polymerase function. Collectively, our data
demonstrate that RNHIs can specifically block RNase H function
and could thus be further modified to enhance binding potency
and selectivity.

Many RNHIs have been found to be potent against HIV-1 RT
in vitro but exhibit little to no anti-HIV activity in cell-based assays
(47). Similar to previous investigators, we found that NAPHRHI
inhibits the RNase H function of HIV-1 RT (95). We also found
that this compound inhibits the RNase H activity of the p15-Ec
RNase H fragment. In addition, we showed that NAPHRHI blocks
the replication of HIV in both pseudotype- and cell-based assays.
The compound also appeared to have some antiviral activity
against XMRV and MoMLV, but because the respective EC50s
were close to the CC50 (4.1 �M), it was not possible to accurately
determine its potency against these viruses. These results suggest
that the naphthyridinone scaffold is a promising candidate for
future studies that will focus on identifying potent inhibitors of
RNase H activity that are less toxic. Similarly, the acylhydrazone
(BHMP07 and THBNH) and hydroxyisoquinolinedione (YLC2-
155) compounds exhibit antiviral activity in cell-based assays but
demonstrate low cytotoxic effects. Hence, further development of
potent RNHIs based on the acylhydrazone and hydroxyisoquino-
linedione scaffolds should be pursued.

In order to determine how the structure of XMRV RNase H
might affect its function and inhibition, we determined the crystal
structure of the XMRV �C RNase H fragment. Our data show
extensive similarity between the XMRV and MoMLV �C RNase H
structures (RMSD, 0.39 Å), consistent with their high sequence
identity (61). The active site of XMRV RNase H is also similar to
that of HIV-1 RNase H (RMSD, 1.6 Å). The catalytic residues
(Asp524, Glu562, and Asp583) of XMRV RNase H correspond to
residues Asp443, Glu478, and Asp498 of HIV-1 RNase H (Fig.
7B). An additional HIV-1 RNase H residue, Asp549 (Asp653 in
XMRV RNase H), also participates in RNase H cleavage by help-
ing to stabilize one of the catalytic metals (5). Many crystal struc-
tures of HIV-1 RT and RNase H show a single Mg2� ion in the
RNase H active site (37, 48, 92). However, recent structures of
HIV-1 RT and isolated RNase H with active-site-directed RNHIs
show two Mn2� ions in the RNase H active site (47, 84). In addi-
tion, crystal structures of B. halodurans and human RNases H have
also revealed two active-site Mg2� ions (62, 63). Biochemical
studies have also suggested a two-metal mechanism for the RNase
H activity of RTs (44, 96). Interestingly, the XMRV and MoMLV
�C RNase H structures contain a single metal at the active site.
However, given the degree of similarity with the HIV-1 RT, it is
likely that RNase H cleavage or binding of RNHI would also in-
volve two divalent metals.

In conclusion, we have determined the differences in RNase H
activity and the effectiveness of acylhydrazone-, naphthyridinone-,

FIG 7 Comparison of the RNase H active sites of isolated XMRV RNase H �C
and HIV-1 RT-dsDNA. (A) The active site of XMRV RNase H �C. One Mg2�

ion (green sphere) is coordinated by the conserved catalytic residues Asp524,
Glu562, and Asp583 (shown as sticks) and two water molecules (red spheres
[Wat1 and Wat2]). (B) The RNase H active site of HIV-1 RT-dsDNA (PDB ID,
3KJV). One Mg2� ion (green sphere) is coordinated by the conserved catalytic
residues Asp443, Glu478, and Asp498 (shown as sticks). The other conserved
active-site residue, Asp549, is also shown. The dsDNA is shown in light gray.
Images were made using PyMOL (74).
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and hydroxyisoquinolinedione-based RNHIs against gammaretrovi-
ral and lentiviral RTs. The crystal structure of the isolated XMRV
RNase H domain provides a structural framework for better under-
standing the function and inhibition of gammaretroviral RNase H
activity. This information may be useful in the design of next-gener-
ation RNHIs with increased potency against retroviral RTs.
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